In shaken bioreactors equipped with a sterile closure (e.g. a cotton plug), a realistic understanding and estimation of gas transfer is advantageous to avoid oxygen limitation or carbon dioxide inhibition of a microbial culture. Therefore, in the present study, an unsteadystate gas-transfer model for shake flasks was developed and experimentally investigated for a wide range of gastransfer resistances (k plug ). The introduced approach is based on the model of Henzler and co-workers 
Introduction
Shaken bioreactors are very common and useful tools in bioprocess industries because of their simplicity, low cost and convenient handling. Shake flasks are traditionally equipped with different types of gas-permeable closures made from cotton, cloth, paper, polymeric sponge or membrane to prevent contamination. These closures play an important role in the aeration of the shaken bioreactors. Aerobic microorganisms will be oxygen-limited if the OTR (oxygen transfer rate) is lower than the oxygen uptake rate in shaken bioreactors [1] [2] [3] [4] [5] [6] . To avoid oxygen limitation, it is essential to have a good understanding and estimate of the gas-transfer conditions. Therefore it is necessary to evaluate the oxygen transfer rate through the sterile closure (OTR plug ) and gasliquid oxygen transfer rate (OTR g-L ) in shaken bioreactors ( Figure 1 ). The determination of the OTR plug and OTR g-L are related to the values of the gas-transfer coefficients through the sterile closure (k plug ) and volumetric gas-liquid transfer coefficients (k L a) respectively. A number of studies have been carried out to describe the parameters k plug and k L a by different experimental methods and/or empirical models [2, [6] [7] [8] [9] . For the evaluation of the k L a value, sulfite oxidation was used as a chemical model system and the dependency of k L a was systematically determined for a large variation in operating conditions [3, 7, 10, 11] . It has also been known that, for surface-aerated shake flasks, the gas-liquid mass transfer characterized by the sulfite-oxidation method can directly be applied for microbial cultures employing a specific proportionality factor [11] . The parameter k plug was assessed in the literature using the effective oxygen diffusion co-efficient (D e,O2 ) additional to the geometry of the sterile closure [2, 5, 12] or were obtained by experimental methods [4, 6, 8, 9, 12] . Several methods for the determination of D e,O2 have been reported [2] [3] [4] [5] . According to these reports, a proportional dependency of D e,O2 on bulk density of the applied closure has been demonstrated. Henzler and Schedel [2] modelled the diffusive steady-state gas transfer through a sterile closure by considering Fick's multi-component gas diffusion [5, 8, 9, 12] combined with Stefan's convection flow. They demonstrated that the diffusion coefficient for oxygen is dependent on the gas concentration and, therefore, it 1 To whom correspondence should be addressed (email buechs@biovt.rwth-aachen.de). (A) Representation of gas transfer in a shake flask considering the headspace volume of the flask and the two steps of oxygen transfer through the sterile closure (OTR plug ) and through the gas/liquid interface (OTR g-L ); (B) apparatus for online measuring of the headspace pO 2 at various gas-transfer resistances of the sterile closures; (C) a series of shake (ventilation) flasks with sterile closures of different geometries having increasing gas-transfer resistances from f1 to f9 (see Table 2 for characteristic properties).
changes with the spatial location inside the sterile closure, with the operating conditions of the shake flask and with the activity of the microbial culture. As a consequence, those authors recommended the use of the diffusion coefficient for carbon dioxide, which is independent of gas concentration and, therefore, suitable to characterize the gas mass transfer through a sterile closure. Mrotzek et al. [4] used an extended version of this model. They introduced an experimental steady-state water-loss method to characterize the mass transfer through a sterile closure and the concentrations of the gas components in gas phase of the headspace of a shake flask (p i ). It is a great advantage of this method that no special apparatus, such as an oxygen gas analyser [8] , a polarographic Clark electrode [6] or a non-invasive optical sensor [13] is necessary.
In the above-mentioned methods, steady-state conditions are assumed (OTR plug = OTR g-L ) and the 'buffer capacity' of the gas amount in the head space of the flask is neglected. This assumption is no longer justified if the resistance of the sterile closure becomes as large as in the order of the resistance of the gas/liquid interface equation (eqn 17 below). In this case the oxygen in the head space of the flask originating from the initial conditions at the time of the inoculation has to be taken into account. This oxygen may significantly contribute to the oxygen transfer for biological or chemical reactions in the liquid phase, calling for an unsteady-state approach ( Figure 1A ).
The present work is aimed at modelling and understanding the unsteady-state gas transfer in a shake flask.
The derived model is able to predict suitable operating conditions and prevent oxygen limitation and aeration problems in shaken bioreactors. The validity of the derived model was experimentally evaluated by means of the sulfite oxidation method.
The symbols used in this paper are defined in Table 1 and for brevity are not in general separately defined in the abbreviations footnote or in the main text.
Theory
Mathematical background and models In shaken bioreactors, containing a chemical (sulfite) or biological reaction system, the partial pressure of gas phase oxygen is dependent on OTR plug and OTR g-L . A mathematical model is useful in order to better understand, and to quantitatively describe, the gas-transfer phenomenon and to analyse the sensitivity of key parameters in shaking bioreactors. Thus, in the following section, first a simple approximate model, and then the extended model of Henzler and Schedel [2] for the determination of the characteristics of steady-state gas transfer in sterile closures, is described. In the following part the OTR g-L based on an empirical equation for a sulfite reaction system is outlined. Finally, the equations for modelling of an unsteady-state gas transfer will be given.
Determination of gas transfer through a sterile closure (OTR plug )
The relation between the oxygen mass transfer through the sterile closure (OTR plug ) and the mass transfer coefficient (k plug ) is given by the following equation:
A simple approximate value for k plug can be derived considering only Fick's diffusion low [2, 3, 5, 6, 12] :
where A/H is the neck geometric ratio of the flask (crosssectional area/height). The value of D e,O2 depends on the density of the cotton closure and can be obtained by experimental methods [4, 6, 8, 9, 13] . Henzler and Schedel [2] modelled the steady-state gas transfer through the sterile closure in shake flasks considering Fick's diffusion combined with Stefan's convective flow, which occurs as a result of non-equimolar gas component transfer. The effect of diffusion (D i ) and convective flow (w) on the gas transfer in sterile closures of shake flasks is given by eqn (3):
where D i is the local effective diffusion coefficient of 
A combination of eqns (3) and (4) gives:
The diffusion coefficient of the compounds in the multicomponent mixture (D i ) depends on the composition of the gas mixture [10] and is given by eqn (8):
The diffusion coefficient of the compounds O 2 , CO 2 , N 2 and H 2 O are therefore given by following equations:
Mrotzek et al. [4] have used an extended model of Henzler and Schedel [2] in steady-state gas transfer through the sterile closure to determine the important parameters D i , p i and the exact value of k plug . Using the last parameter together with eqn (1), OTR plug can be calculated.
In the present study, a dependency between OTR plug and the exact value of k plug will be obtained using the Henzler and Schedel model. Eqn (2) is additionally used to approximately evaluate the value of k plug in the applied shake flasks [5, 12] .
Gas-liquid oxygen transfer with the sulfite reaction system
The sulfite reaction system is frequently applied to characterize the gas-liquid mass transfer in shaken bioreactors [2, 7, 10, 11, 14] . Hermann et al. [7] and Maier et al. [11] have recently described details of gas-liquid mass transfer by the sulfite system. According to the theory of absorption and the assumption of the film model, the order of the sulfite oxidation reaction is classified as zero, one and two for sulfite, catalyst and oxygen respectively [15, 16] .
When the oxygen concentration in the liquid phase is greater than zero, the gas-liquid oxygen transfer rate (OTR g-L ) can be calculated by:
where L O2 is the solubility of oxygen in the sulfite solution (0.0008 mol/l per 10 5 Pa), which can, for example, be calculated by the method of Schumpe et al. [17] .
It was demonstrated that the concentration of catalyst is an important factor for OTR g-L [10, 11, 16] . Maier and Büchs [10] have shown a linear dependency between OTR g-L and pO 2,L (see eqn 13) for a first-order reaction at a catalyst concentration of 10 −7 M:
where k 1 is the first-order reaction constant of 2.358 h −1 , reported by Hermann et al. [7] . By resolving eqn (13) for pO 2,L and inserting this into eqn (12) the following equation is obtained:
The following empirical equation for k L a for a 0.5 M sulfite system is inserted into eqn (14) [10] :
Modelling of steady-state gas transfer in shake flasks Assuming that the same amount of oxygen entering the flask through the plug is directly transferred to the liquid phase, the condition of steady-tate oxygen transfer (OTR st.st ) is given [2, 6, 8] :
Resolving eqn (1) for pO 2 and introducing this expression into eqn (14) , the following equation for the oxygen transfer rate through the sterile closure or gas/liquid interface in the steady-state condition (OTR st.st ) is obtained. (17) Eqn (17) 
, the plug will play an important role to total gas transfer in shaken bioreactors.
Modelling of unsteady-state gas transfer
In an unsteady-state gas-transfer model, the molar oxygen balance in the headspace volume of a shake flask (see Figure 1A ) can be developed as follows:
According to the Ideal Gas Law, the following equation is derived from eqn (18): Figure 2 . b 'pipe' refers to the stainless-steel pipes, filled with cotton, used as sterile closures. 
Materials and methods
In the present study, nine modified 250 ml Erlenmeyer flasks, f1-f9, with different geometries of the sterile closures, the so-called 'ventilation flasks', were employed (see Figure 1C) . The sterile closures were made from stainless-steel pipes with different lengths or/and diameters (Table 2) , filled by cotton wool with a constant density of 0.15 g/cm 3 . For this selected cotton density (0.15 g/cm 3 ) an average value for the oxygen diffusion coefficient D e,O2 of 0.153 cm 2 /s can be obtained from the literature (see Table 3 ).
For experimental determination of the oxygen partial pressure in the head space of the flasks (pO 2 ) and the time for complete oxidation, the ventilation flasks were filled with sulfite solution. This solution consisted of 0.5 M sodium sulfite (98 % purity; Roth, Karlsruhe, Germany), 0. For detecting pO 2 in the gas phase of the headspace of the flask, a calibrated oxygen sensor (MAX-250 C; Maxtec Inc., Salt Lake City, UT, U.S.A.) was mounted in a special flask and response curves were monitored by a recorder (see Figure 1B) .
For the determination of the overall OTR, the sulfite method described by Hermann et al. [7] was used. The exhaustion time of sulfite is required in this method. It was determined by optically monitoring the colour change of the sulfite solution [7] . The depletion of sulfite is accompanied by a decrease in the pH value from approx. 8 to approx. 4, which is followed by the colour change of the pH indicator, Bromothymol Blue from dark blue at pH 7.3 to yellow at pH 6.2. The colour change was recorded by a video camera (DCR-VX700E; Sony, Berlin, Germany). The overall OTR is proportional to amount of oxygen (mol) consumed by the sulfite oxidation and the duration of the sulfite reaction, yielding:
(20)
Applied models
Steady-state model For the calculation of OTR st.st , eqns (17) and (2) are applied. The parameter k L a was obtained from eqn (15) .
Unsteady-state model
The unsteady-state model is based on the extended model of Henzler and Schedel [2] . A ModelMaker (Version 3, 1997; Cherwell Scientific Publishing Ltd, Oxford, U.K.) program (eqns 3-11) was prepared much as described by Mrotzek et al. [4] . By means of this model the spatially resolved concentrations and diffusion coefficients of the gas components in the sterile closures, the pO 2 in the headspace of the flask and the exact value of k plug were calculated. In order to simulate the unsteady-state gas transfer in shake flasks under a variety of operative conditions, represented by different resistances of the sterile closure (neck geometry) and kinetics of the chemical reaction or the activity of the microbial culture, a second timeresolved ModelMaker program was prepared incorporating eqns (1), (14) , (15) and (19). The required parameter k plug is calculated from the model of Henzler and Schedel [2] , e.g. eqns (3)- (11) . However, with these equations the spatially resolved gas concentration in the sterile closure is calculated, whereas eqn (19) has to be used to calculate the time-resolved pO 2 in the headspace. These equations cannot be solved simultaneously by the applied ModelMaker software. Therefore the dependency of k plug on OTR plug had to be calculated beforehand and was correlated by the following simple empirical equation:
This procedure is depicted in Figure 2 . The model from Henzler and Schedel [2] and eqn (1) resolved for k plug was employed. As can been seen from Figure 2 Table 2 ) of the selected empirical equation (eqn 21). The coefficient 
Result and discussion
The effect of the sterile closure of a shake flask is rarely considered in evaluating the overall gas mass transfer. If the sterile closure is taken into account in literature (in almost all cases), only simple steady-state approaches with constant diffusion coefficients have been applied so far. Therefore the effect of the spatially changing gas concentration inside the sterile closure and the buffer capacity of the gas present in the headspace of the flask at the beginning of an experiment is investigated in the present work.
Dependency of D e,O2 on OTR plug considering the spatially changing concentration in the sterile closure The procedure depicted in Figure 2 was used to calculate the dependency of D e,O2 on OTR plug for the ventilation flasks f1-f9 ( Table 2) . The results are shown in (Table 2) , calculated by the procedure depicted in Figure 2 For comparison the (constant) average diffusion coefficient from literature data ( Table 1) is shown. Input parameters: sulfite system (0.5 M), 25
• C, 300 rev./min, shaking diameter (d o ) 5 cm, saturated partial pressure of water vapour in the head space of the flasks (p sat ) = 0.03969 bar [18] , filling volume (V L ) 15 ml, density of cotton plug (ζ cotton ) 0.15 g/cm 3 .
geometry. It should be noted that the density of the cotton used in the sterile closures used in this work (ζ cotton = 0.15 g/cm 3 ) was roughly in the same order of magnitude as those cited from the literature (ζ cotton = 0.135-0.17 g/cm 3 ; see Table 3 ).
Simulation of gas transfer (OTR plug , OTR g-L and pO 2 ) in shake flasks by unsteady-state modelling
We considered it worthwhile to investigate whether an unsteady-state oxygen mass-transfer approach will result in large differences compared with a simple steady-state approach. Figure 4 shows a simulation of the oxygen transfer through the sterile closure (OTR plug ) and from the gas in the headspace of the flask to the liquid (OTR g-L ) for ventilation flasks f1 and f9 (Table 2) for the oxidation of a 0.5 M sulfite solution. Eqns (1), (14), (15), (19) and (21) were used for calculating the unsteady-state oxygen mass transfer. Note that k plug is continuously recalculated (from eqn 21) using the parameters a, b and c (from Table 2 ) for each time step. As a reference, the steady-state mass transfer was calculated by eqns (2), (15) and (17) . It can be seen that the OTR g−L is at a maximum level (0.039 mol/h per litre) at the very beginning of the experiment. At this initial moment the headspace of the flask is filled with air and, therefore, the driving concentration gradient from the headspace gas phase to the liquid phase is maximal. By contrast, OTR plug has a value of 0, since no driving concentration gradient is present over the sterile plug at this time. Owing to the continuous consumption of oxygen in the liquid and, consequently, removal of oxygen from the headspace of the flask, its pO 2 decreases (see also Figure 5 below) as a result of mass-transfer limitation of the sterile closure. OTR g−L and OTR plug decreases and increases respectively, and both values approach a common steadystate value (-· -· in Figure 4 ). In case of ventilation flask f1 (with a low mass-transfer resistance of the sterile closure), this steady-state value (0.036 mol/h per litre) is practically reached in a relatively short time of about 2 h before the total amount of 0.5 M sulfite is exhausted and OTR g-L collapses to zero at about 7 h. In the case of ventilation flask f9 (representing a relatively high mass-transfer resistance of the sterile closure), the steady state value (0.021 mol/h per litre) is never reached before complete exhaustion of the sulfite solution shortly before 10 h. After the chemical reaction is completed (and OTR g-L is zero), OTR plug requires some time to decrease to zero. In ventilation flask f9 this takes more time than the reaction itself, and is not even completed after 25 h. Figure 5 shows the unsteady-state pO 2 in the headspace for all the ventilation flasks (f1-f9). The partial pressures of the flasks with 0.5 M sulfite solution is depicted as solid lines created with small symbols. The hypothetical partial pressures for a reaction of infinite duration, approaching steady-state conditions, are shown as broken lines. Under initial conditions all flasks contain air and the pO 2 is 0.2095 bar (1 bar = 10 5 Pa). As already explained, the flasks with relatively low mass-transfer resistance of the sterile closure (f1-f4) more-or-less reach the steady-state value during the reaction. The other flasks (f5-f9) approach the steady-state value, but the reaction terminates, owing to the exhaustion of sulfite before the pO 2 becomes close Figure 4 Model results for the oxygen transfer rate trough the sterile closure (OTR plug ) and from the gas in the headspace to the liquid phase (OTR g-L ) over time in the ventilation flasks f1 and f9 (Table 2) The collapse of OTR g-L to zero (vertical broken lines) indicate the exhaustion of the 0.5 M sulfite solution at 25
• C, 300 rev./min, d o = 5 cm and V L = 15 ml. Eqns (1), (14), (15), (19) and (21) were used for the unsteady-state, and eqns (2), (15) and (17) for the steady-state calculation. (Table 2) Conditions were as follows: sulfite system, 0.5 M; temperature, 25
• C; speed of rotation, 300 rev./min; d o , 5 cm; V L , 15 ml; and ζ cotton , 0.15 g/cm 3 .
to the steady-state value. The smaller the mass-transfer resistance of the sterile closure of the flask, the earlier the oxidation reaction is completed. If the hypothetical duration of a sulfite-oxidation experiment is calculated on the basis of stoichiometry and steady-state assumptions (eqns 2, 15 and 17), values of 6.45 and 12.66 h are obtained for f1 and f9 respectively. Theses times are 1.1 and 25 % respectively longer than the times obtained by considering unsteady-state conditions (6.38 and 9.5 h). This is reasonable, as under real conditions, the oxygen 'buffer' in the headspace, present from the start of the experiment, gives a significant contribution to total oxygen consumption. In total, the pO 2 in the headspace is higher than under steady-state assumptions and, consequently, the driving concentration gradient for gas-liquid mass transfer is higher. This results in a faster reaction and a shorter time required for complete exhaustion of the sulfite. These examples clearly demonstrate that a chemical or biological reaction in a shake flask may be strongly influenced by the mass-transfer characteristics of the sterile closure. Due to the high 'buffer capacity' of the headspace, which is typically given in the case of shake flasks, the kinetics may be completely different than those calculated by assuming simple steady-state mass-transfer conditions.
Validation of the unsteady-state model
For validation of the new unsteady-state approach the model results for the pO 2 in the head space of a shake flask and the duration required for complete oxidation of 0.5 M sulfite was compared with experimental values.
For on-line monitoring of pO 2 , special ventilation flasks (of f1, f4, f7 and f9) and oxygen sensors were used, as illustrated in Figure 1(B) . As can be seen from Figure 6 , the value for the pO 2 is 0.2095 bar at the beginning of the experiment. Subsequently pO 2 decreases over time as the chemical reaction proceeds, the flasks with the greater mass-transfer resistance of the sterile closure (higher flask numbers) approaching a lower level of partial pressure. At a specific time, pO 2 starts to increase owing to the exhaustion of the sulfite solution. As has already been discussed for Figure 5 , the time of sulfite exhaustion occurs at later times for flasks with a higher mass-transfer resistance. There is a reasonable agreement between the measured and simulated time course of the pO 2 values and the time of sulfite exhaustion. This proves that the general approach is justified and that unsteady-state gas transfer is an effect which should not be neglected when experimental conditions of shake-flask experiments are to be designed. It has to be noted that the agreement between measured and simulated partial pressures is not fully given. This may be due to the fact that an approximation (eqn 21) is used here to mathematically represent the spatially resolved oxygen concentration in the sterile closure and, therefore, the masstransfer resistance (k plug ) as a function of the oxygen transfer (OTR plug ). Another possible explanation of the slight deviation may be incomplete mixing of the gas phase of the special ventilation flasks (e.g. in the adapter of the sensor) applied for pO 2 measurement.
For additional validation of the new unsteady-state approach the time of the exhaustion of 0.5 M sulfite was recorded for many different operating conditions (ventilation flasks f1-f9 at different filling volumes and shaking frequencies) with the colour change method described by Hermann et al. [7] . The experimental results are compared in a parity plot with simulation results for equivalent conditions obtained on the one hand by the steady-state and on the other hand by the unsteady-state approach. Figure 7 shows a systematic error for the data points calculated by the steady-state method, the calculated time for the completion of the oxidation reaction generally being too large. It is obvious that the deviation between experiment and prediction is maximal for the shake flask with the largest mass-transfer resistance of the sterile closure (f9). With decreasing mass-transfer resistance (f8-f1) the deviation becomes smaller. On the other hand, Figure 7 indicates a The unsteady-state values for the ventilation flasks f1-f9 (᭹) were calculated by eqns (1), (14) , (15) good agreement (with a regression coefficient, r 2 , of 0.96) between the experimental and predicted time of sulfite exhaustion for all ventilation flasks calculated by the unsteadystate method. Accordingly, this confirms the validity of the unsteady-state model for prediction of the gas transfer in shake flasks.
Conclusion
The effect of the mass-transfer resistance of the sterile closure of a shake flask on the performance of microbial cultures is widely neglected. If at all, the characteristics of the sterile closure is considered only in simple models assuming steady-state conditions. In the present study the influence of the mass-transfer resistance of the sterile closure on pO 2 in the headspace of the flask and on total oxygen transfer was investigated using a chemical model reaction (sulfite oxidation). It was shown that the mass-transfer resistance of the sterile closure should not be represented just by a constant parameter (k plug or D e,O2 ), but rather the model of Henzler and Schedel [2] should be used, which correctly describes the spatially resolved change in the gas partial pressures inside the sterile closure. From this extended model a representation of the mass-transfer resistance of the sterile closure can be obtained that is closer to reality [4] and which is dependent on the mass flow through the plug. This representation of the masstransfer resistance of the sterile closure is then incorporated into an unsteady-state model. It could be shown that large discrepancies are obtained between the simple steady-state and the new unsteady-state simulations. This was proved by two kinds of validation experiments applying two different measuring methods. The extent of the error depends on the level of mass-transfer resistance of the sterile closure and the total amount of oxygen consumed by the chemical or biological reaction in the liquid, e.g. the total time of the experiment. The conventional approach neglects the 'buffer capacity' of the headspace of the flask and, therefore, generally underestimates the oxygen transfer, especially at the beginning of an experiment.
The unsteady-state model presented may become a useful tool for correct prediction of gas transfer in shaken bioreactors under a wide range of values of k plug and k L a. The findings could be a key point for the optimization of the experimental conditions of microbial cultures avoiding oxygen limitation. Currently the introduced ventilation flasks are applied to investigate the effect of aeration and of CO 2 produced by the cultures and accumulated at different partial pressures in ventilation flasks f1-f9 on the performance of different microbial systems.
